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ABSTRACT: The highest efficiencies in solution-processable per-
ovskite-based solar cells have been achieved using an electron
collection layer that requires sintering at 500 °C. This is unfavorable
for low-cost production, applications on plastic substrates, and
multijunction device architectures. Here we report a low-cost,
solution-based deposition procedure utilizing nanocomposites of
graphene and TiO, nanoparticles as the electron collection layers in
meso-superstructured perovskite solar cells. The graphene nanoflakes
provide superior charge-collection in the nanocomposites, enabling
the entire device to be fabricated at temperatures no higher than 150
°C. These solar cells show remarkable photovoltaic performance with
a power conversion efficiency up to 15.6%. This work demonstrates
that graphene/metal oxide nanocomposites have the potential to
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contribute significantly toward the development of low-cost solar cells.
KEYWORDS: Graphene, TiO,, perovskite, hybrid photovoltaics, nanocomposites

hin-film photovoltaics aim to reduce the cost per unit

energy of electricity generated from sunlight compared to
conventional silicon solar cells. Several approaches have been
developed for solar cells such as amorphous and nanocrystalline
Si,* inorganic compound semiconductors, > quantum dot solar
cells (QDSCs),* dye-sensitized solar cells (DSSCs),> organic
solar cells (OSCs),’ and now perovskite-based meso-super-
structured solar cells (MSSCs).” In particular, solid-state
perovskite-based solar cells have risen to the forefront of
emerging PV research.”*? Evolving from DSSCs, MSSCs have
demonstrated remarkably high power conversion efficiency of
over 12%, broad light absorption, and open-circuit voltages
(Vo) of over 1.1 V, by employing an organometal halide
perovskite, CH;NH;PbI;_,Cl,, as the absorber, coated upon
the surface of a mesoporous alumina scaffold. Perovskite
absorbers are also desirable by virtue of being easy to solution-
process at low temperature using low-cost materials and do not
rely on the use of elements in limited supply, unstable solvents
such as hydrazine, and high-temperature annealing. In the most
efficient thin-film solar cells, electron-collection layers also play
a vital role by facilitating selective charge collection. For most
commercial thin film solar cells, CdS is used for this purpose,
however it significantly contributes to parasitic absorption in
the solar cell and additionally contains nondesirable Cd."?
Metal oxide materials such as TiO, and ZnO are widely used in
most studies on emerging technologies because they can
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prevent shunting and leakage currents under reverse bias.'* But
such materials still require high-temperature processing to
increase their crystallinity and achieve suitably high charge
carrier mobility."® Similarly, this still remains a challenge for
MSSCs, as high-temperature sintering of the n-type TiO,
electron-selective contact is still important for high perform-
ance. High-temperature sintering has several drawbacks because
it results in higher cost and slower production, and it limits the
applications to solid, temperature-resilient substrates, prevent-
ing its use with plastic and malleable metal foils and
multijunction device architectures.'® Replacing the sintered
TiO, compact layers should make the perovskite solar
technology as versatile in its deployment as organic photo-
voltaics. Several approaches have been reported in order to
achieve comparable electronic properties for the n-type
collection layers in other solar technologies, such as atomic
layer deposition (ALD), high-pressure pressing, chemical
sintering, sol—gel, and electrodeposition.l'/_21 Up to now,
these alternative methods have not yet achieved an equivalent
performance to the conventional high-temperature process, due
to crack formation in the film, poor adhesion to the substrate,
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Figure 1. (a) Raman spectra of starting graphite flakes and its exfoliated graphene deposited on the SiO, substrate with increasing sonication time.
(b) AFM image of exfoliated graphene scanned with S ym X S ym size and enlargement of the graphene flakes and its height profile of the lines
shown in the inset figure. (c) SEM images of graphene-TiO, nanocomposites with enlargement micrographs in the inset.

unfavorable crystallinity of TiO,, and a lack of good
connectivity between particles.”*?

Meanwhile, advances in graphene research have led to
numerous fundamental breakthroughs. In this atom-thick two-
dimensional (2D) material, charge-carriers mimic relativistic
particles with zero mass,”* which endow it with remarkably high
charge mobility and electronic conductivity.”>~*" It has not
only been identified as one of the strongest materials,” but is
also equipped with unique properties ranging from superior
thermal conductivity, and high optical transmittance.”*™>'
Therefore, it has aroused interest in applications for
graphene-based nanocomposites including photovoltaics, pho-
tocatalysis, nanoelectronics, sensors, and so forth.3*73¢ In
particular, in graphene-TiO, nanocomposites, exploiting the
benefits of high conductivity and better electrical contacts of
graphene and graphene-like materials to electron transport has
been proposed.”’ * To date, only reduced graphene oxide
(RGO) has been used instead of pristine graphene, which
requires the use of toxic hydrazine vapor, and high-temperature
annealing above 400 °C under an inert gas atmosphere to
transform graphene oxide (GO) into RGO.* RGO is much
easier to disperse in solvents and can give monolayer RGO in
large quantities in comparison to GO, since RGOs chemically
functionalized groups of oxides provide better solvent solubility
and dispersion. However, large populations of defects still
remain after the reduction, which seriously degrade the
electronic properties.*"** Much higher quality graphene can
be produced by liquid-phase exfoliation (LPE) of graphite
powders using organic solvents as developed by Hernandez et
al*® and O'Neill et al.** When compared to the other high
quality graphene production methods such as chemical vapor
deposition (CVD), molecular beam epitaxy (MBE), and growth
on SiC,* LPE with organic solvents is quick and low-cost
making it an industrially scalable method. Thus via this
technique, we can envisage having enhanced graphene
nanocomposites applied to a range of applications.

Here we develop a low-temperature processed nano-
composites of pristine graphene nanoflakes and anatase-TiO,
nanoparticles and employ it as the electron selective contact in
perovskite MSSCs. We observe reduced series resistance and
unexpectedly reduced recombination losses with the low
temperature composite. The resulting sub-150 °C processed
MSSCs exhibit up to 15.6% power conversion efficiency.
Slightly higher than the previously high-temperature sintered

devices due to the superior properties of the graphene-TiO,
nanocomposites.

To gain a better insight into the intrinsic properties of the
starting materials, we performed detailed characterizations of
graphene, TiO,, and their nanocomposites. We produced
graphene from graphite flakes by LPE with isopropanol as the
dispersant, under sonication for up to 70 h. The detailed
synthetic procedure has been described elsewhere.** We
performed Raman spectroscopy and atomic force microscopy
(AFM) to probe the graphene film quality and the number of
graphene layers in each flake. The samples were prepared on
SiO, substrates by drop casting the graphene solution and
heating on a hot plate at 100 °C. Figure la shows the Raman
spectrum for samples with decreasing flake size, controlled by
increasing sonication time. Raman spectra give unique peaks for
graphite materials. The two most prominent peaks are the G
band (~1580 cm™') and the 2D band (~2700 cm™) as
expected. We observe a difference in the contribution to the 2D
band’s shape from multiple peaks between exfoliated graphene
flakes and starting graphite, suggesting our prepared samples
are few-layer graphene.** In addition, we observed increased
intensity for the peaks of the D band (~1350 cm™),
progressing from the graphite flakes toward graphene. The
reason for the appearance of the D band is that exfoliating
graphite into graphene produces progressively smaller flakes
with increasing sonication. We see that the intensity ratio of the
D and G peaks (Ip/I;) increases from graphite (I/Ig = 0.14)
as it is converted into graphene flakes (Ip/Ig = 0.3), then
increases further (Ip/Ig = 0.52) during continuous sonication.
O’Neill et al,, following the same technique, found that this was
caused by a variation in flake size.** They suggest that liquid
phase exfoliation of graphene causes the flake size to decrease
and therefore the area/perimeter ratio to decrease, increasing
the contribution of flake edges to the Raman spectrum. Because
the D band not only represents the defects of graphene, but
also the edges, more exposed edges increases the I,/I ratio.*

The AFM image of exfoliated graphene flakes in Figure 1b
allows us to have an approximate overview of the graphene
morphology and its number of layers. It can be seen that the
graphene flakes are distributed randomly over the substrate.
The dimension of flakes varies between 0.1 and 1 ym. We also
performed cross-sectional analysis of the graphene flakes, where
we show a representative flake with a height of ~3.1 nm in the
inset to Figure 1. We thus estimate that we have sheets of
approximately five layers of graphene.*” As reported in the
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literature, solution deposition of a graphene film onto SiO, can
cause aggregation of the flakes. Therefore, although we observe
very few monolayer flakes in our sample on SiO,, this may give
an overestimate of number of layers in the graphene flakes in
our final nanocomposites films. Our Raman and AFM
characterization are in good agreement with previous work,
indicating high quality graphene synthesis without introducing
significant defects via oxidation, and as prepared graphene is
comparable to defect-free graphene.****

We prepared anatase TiO, nanoparticles following a
hydrothermal method with the characterization and a detailed
description given in the Supporting Information. The TiO,
nanoparticles were approximately 25 nm in diameter and were
blended with the graphene dispersion. From the SEM image in
Figure 1c, we show the exposed surface of the nanocomposite
highlighting TiO, nanoparticles anchored upon a graphene
nanoflake. With graphene’s remarkable conductivity it may
serve as a highway for electron transportation and collection.
We show in Supporting Information Figure S2a—d a detailed
comparison between SEM micrographs of layers consisting of
TiO, nanoparticles only and graphene-TiO, nanocomposites
prepared on glass microscope slides.

Apart from the high-temperature processing limitation,
another key issue in performance of the MSSC at present is
the minimization of the series resistance. The compact n-type
TiO, charge collection layers may significantly contribute to
series resistance, as has been previously observed in solid-state
DSSCs and planar heterojunction perovskite solar cells.***’
Following characterization of the nanocomposite materials, we
investigate the performance of graphene-TiO, nanocomposites
as n-type charge collection electrodes. We fabricated a series of
solar cells with a varying content of graphene flakes in the
composite to assess its impact. We show the full device
architecture in a color-enhanced cross-sectional scanning
electron microscopy (SEM) image and a schematic illustration
of the device architecture along with an energy level diagram in
Figure 2. All the devices here were fabricated on cleaned
fluorine doped tin oxide (FTO) coated glass serving as the
transparent electrode and substrate. We deposit the n-type
collection layer of ~100 nm thickness by spin-coating from an
isopropanol solution of a blend of graphene and TiO,. We note
that upon careful sonication before spin-coating, we produce a
dense and well-distributed nanocomposite, with graphene
acting as a continuous 2D conductive framework, allowing
TiO, nanoparticles to anchor onto the graphene nanoflakes
(See Supporting Information Figure S4 for TiO, nanoparticles
coverage on graphene). Following deposition of a ~400 nm
Al,O; nanoparticle mesostructure from an isopropanol
solution, CH;NH;Pbl; ,Cl, perovskite was deposited by spin-
coating its precursor solution in DMF onto a warmed substrate,
resulting in an infiltration of the perovskite within the
mesostructure with the addition of a capping layer (around
350 nm). The main difference between the devices studied here
and those reported by Ball et al.' is the additional capping
layers of perovskite which results from coating upon a warm
substrate. Then we deposited 2,2',7,7-tetrakis-(N,N-di-p-
methoxyphenylamine)9,9’-spirobifluorene (Spiro-OMeTAD)
as the hole-transporter material (HTM). Finally, devices were
completed by thermal evaporation of gold contacts.

In order to optimize the devices, we varied the content of
graphene in the TiO,-graphene composite. The mean solar cell
performance parameters for a batch of 83 devices, extracted
from current—voltage curves measured under simulated AM
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Figure 2. (a) Cross-sectional SEM micrographs with color-enhanced
and annotated cross-section showing a general schematic of the solar
cell architecture. (b) Schematic illustration of energy levels of the
materials used in this study. We note that these are the energy levels of
the individual materials, and upon contact within the solar cell there is
likely to be a considerable relative shift.’® We also note that the
graphene and TiO, are blended into a single composite layer and not
layered as depicted in the energy level diagram.

1.5, 106.5 mW/cm? sunlight are shown in Figure 3. We can see
a clear trend of device enhancement by the introduction of
graphene. Starting from the neat TiO, nanoparticles (NPs
only), the average short-circuit current density (J,.) and fil
factor (FF) are around 13 mA/cm? and 0.56, respectively. With
increasing graphene concentration in the electron collection
layer, both the J,. and FF increase up to average values of
around 18.5 mA/cm? and 0.7, respectively, peaking at 0.6 wt %,
followed by a decrease with further increases of graphene
content. However, in contrast to the J,. and FF, the average
open circuit voltage (V) only increased slightly with
graphene’s addition to the TiO, with an average V. of around
1 V up to 0.8 wt %. V. begins to decrease as the graphene
concentration increases over 0.8 wt %, probably due to bare
graphene contacting the perovskite directly, resulting in a less
selective electrode, that is, recombination directly between the
electrons in the graphene and holes in the perovskite. This is
consistent with our estimate in the Supporting Information that
the optimum graphene content of 0.6 wt % corresponds to just
over 1 monolayer coverage of the graphene by TiO,
nanoparticles. Hence, the power conversion efficiency (PCE),
n = Jo Voo FE/P,, where P, is incident solar irradiance peaks
with an average PCE value around 12.4%.
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Figure 3. Graphene-concentration dependence in the nanocomposites
of the parameters extracted from a single batch current—voltage
measurements of solar cells under simulated AM 1.5, 106.5 mW/cm?
irradiance.

In Figure 4a, we show the current density—voltage (J—V)
curves of the best performing cells of each series, including cells
with only neat TiO,, neat graphene, high-temperature sintered
TiO,, and no n-type charge collection layer at all (just FTO).
As can be seen in the J—V curves and the summarized
performance parameters in Table 1, devices without any
electron collection layer in the device architecture have inferior
performance, but they do work. One of the main losses for the
perovskite device coated directly upon the FTO conducting
glass is fill factor, presumably due to an unfavorable electronic
contact forming at the FTO perovskite interface. The electron
collection layers with either neat graphene or low-temperature-
processed TiO, nanoparticles show an improvement to J,. and
FF over the devices fabricated directly on FTO. We see further
enhancement when we combine the graphene and TiO,

nanoparticles together as a nanocomposites. The most efficient
low-temperature processed perovskite MSSC based on a
graphene-TiO, nanocomposite electron collection layer,
exhibits a short-circuit photocurrent of 21.9 mA/cm? open-
circuit voltage of 1.05 V, and a very high fill factor of 0.73
yielding a power conversion efficiency of 15.6%, (under 106.5
mW cm™?) which is the best reported low-temperature
solution-processed solar cell matching the highest reported
efficiency of perovskite-based solar cells fabricated at either high
temperature or by vapor deposition.'">" In addition, to the best
of our knowledge the best performing solar cells incorporating
graphene as a contact to crystalline Si remain at a power
conversion efficiency of 14.5%,”> hence our work here also sets
a new milestone for the photovoltaic applications of graphene.
In Supporting Information Figure S5, we show histograms of
the solar cell performance parameters for the best devices,
highlighting their reproducibility.

To disentangle any ambiguity in the variation of light
absorption and its contribution to ], with varying graphene
content we measured the light harvesting efficiency (LHE) of
the solar cell active layers. Supporting Information Figure S7a
shows the LHE for different graphene concentrations indicating
only minor variation between films that cannot account for the
observed ], variation. An example spectrum showing light
extinction in each solar cell layer is presented in Supporting
Information Figure S7b, along with estimates of the wave-
length-averaged internal quantum efficiency (IQE) in Support-
ing Information Figure S7c. We conclude therefore that the
changes in the photocurrent density between the samples are
not due to changes in the total light absorbed in the perovskite
layers.

Enhancements in the efficiency can be attributed to the
improved V_,, J,, and FF and may stem from beneficial factors
resulting from synergetic effects between graphene and TiO,
nanoparticles. As graphene has a work function between that of
FTO and the TiO, conduction band, it may reduce the
formation of energy barriers at the material interfaces and
therefore behave as a better electron collector than with TiO,
alone.>® Second, the superior charge mobility of graphene may
provide improved electrical conductivity of the layer. From the
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Figure 4. (a) Current—voltage characteristics of different electron collection layers under simulated AM 1.5, 100 mW/cm? solar irradiation (solid
line), and in the dark (dotted line). (b) The best performing (17 = 15.6%) solar cell based on a graphene-TiO, nanocomposites under simulated AM
1.5, 106.5 mW/cm” solar irradiation (solid line), and in the dark (dotted line), which processed at temperatures not exceeding 150 °C. Solar cell

performance parameters are given in the inset.
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Table 1. Best Performance of Photovoltaics Based on Different Electron Collection Layer in This Study under Simulated AM

1.5, 106.5 mW/cm? Solar Irradiation

sample Jee (mA/cm?) V,e (V) FF PCE (%) R, (Ohm-cm?)
TiO, + graphene 21.9 1.04 0.73 15.6 4.3
TiO, only 17.7 1.00 0.61 10.0 10.1
graphene only 14.6 0.90 0.48 5.9 20.3
no electron collection layer 10.8 0.95 0.37 3.7 79.1
high-temperature sintered TiO, 214 1.00 0.70 14.1 5.9
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Figure S. (a) Series resistance, Ry, and (b) recombination resistance, R, obtained from impedance spectroscopy analysis of samples with two
different concentrations of graphene mixed with TiO, in the electron collection layer.

very high fill factor, it is clear that the graphene/TiO,
composite reduces the series resistance as compared to neat
TiO, or even the conventional sintered TiO, collection layers.
We can quantify the series resistance in the solar cell from the
reciprocal value of the linear slope of the J—V curves near the
open-circuit voltage. We observe a decrease in the series
resistance (Ryees) to only 4 Qcm™, as listed in the Table 1.
This reduced series resistance has a striking impact upon the
device FE>*

In order to further investigate the role of graphene addition
to the observed enhanced solar cell performance, we performed
impedance spectroscopy (IS) characterization on solar cells
under working cell conditions (1 sun illumination). In previous
work, the methodology and analysis of the Impedance
spectroscopy is described in detail.>> From these measurements
we can extract the series resistance in the device, Ry, and the
recombination resistance, R... The R, explicitly relates to the
component of resistance under forward bias due to electron
and hole recombination within the solar cell. Our results are
shown in Figure S, where we observed that the addition of
graphene reduces the series resistance in the cell, consistent
with that extracted from the JV curves. This is consistent with
an increase of the conductivity of the n-type collection layers or
to a reduction in a contact resistance, either at the Perovskite/
n-type layer, or n-type layers/FTO interface. The reduction in
Riuies In the devices is consistent with the JV curves and
explains the increase in FF and efficiency.

A second factor leading to improved performance is the
recombination resistance, R, which we show to increase with
the graphene-TiO2 composite in Figure 5b.*>*® We would
envisage that the highly conductive graphene should introduce
new recombination centers and indeed the lower photocurrent
in the graphene only devices is consistent with this. However, if
the graphene flakes are fully coated with TiO, nanoparticles,

then there should be no, or limited direct contact between the
graphene and the perovskite. Previously, it has been observed
that TiO, nanoparticles will undergo efficient electron transfer
to graphene.** Hence, we postulate that in the graphene TiO,
composite, most of the electron density will reside on the
graphene and the ensuing “depleted” TiO, contacting the
perovskite will have a lower recombination rate with the holes
in the perovskite due to the reduced electron density in the
TiO,, thus contributing to the increase in the photocurrent
under working conditions.

In conclusion, we have demonstrated the successful
combination of two emerging materials, graphene and organo-
metal trihalide perovskites, in solar cells. By exploiting
nanocomposites of high quality graphene flakes and presynthe-
sized TiO, nanoparticles in perovskite solar cells as a low-
temperature processed electron collection layer, we have
achieved a remarkable power conversion efficiency of 15.6%.
This is the best recorded efficiency for low-temperature
processed solar cells to date and matches the highest reported
efficiency of high-temperature processed perovskite solar cells.
This work also sets a milestone for incorporation of graphene
in solar cells. This finding indicates that high-efficiency solar
cells no longer need a high-temperature sintering process for
TiO, as the electron collection layer. By combining with the
fast printing deposition methods, the graphene/TiO, nano-
composite is ready to be compatible with reel-to-reel process
and meet the needs of large scale industrial manufacture on a
range of substrates and multilayer architectures.

B ASSOCIATED CONTENT
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Full experimental methods, X-ray diffraction of TiO, nano-
particles, SEM micrographs of electron-selective layers,
calculation of TiO, nanoparticle coverage on graphene, device
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reproducibility, device characteristics, and cumulative light
extinction and internal quantum efficiency. This material is
available free of charge via the Internet at http://pubs.acs.org.
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